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L'accroissement de l a  retrod5ffusion radar  gui accompagne l e s  augmentations de v i t e s s e  des vents e t  
d'amplitude des vagues cons t i tue  un f a i t  connu depuis de nombreuses annees, Ce n q e s t  que recemment, tou- 
t e f o i s ,  que l e s  t h e o r i e s  on"commenc6 ib apporter  des expl icat ions s a t i s f a i s a n t e s  de l a  d i f fus ion  due ib 
l a  mer. 

En ou t re ,  l e s  mesures par  instruments aeroport6s ,  de l a  d i f fus ion  due aux v i tesses  de vents elevees 
sont r6centes. L'augmentation du coef f ic ien t  de d i f fus ion  & des longueurs d'ondes cent imetr iques,  avec 
des v i t e s s e s  de vents a l l a n t  jusqu'k 50 noeuds, semble indiquer que l ' o n  peut avo i r  recours a l a  mesure 
du c o e f f i c i e n t  de d i f fus ion  pour d6terminer l a  v i t e s s e  du vent.  S i  l ' o n  peut e f fec tuer  ces  mesures & 
p a r t i r  d'un s a t e l l i t e ,  on pourra 6 t a b l i r  l a  s t r u c t u r e  globale  des vents souf f lan t  & l a  surface des oceans 
e t  pr6dire  a i n s i  l e s  houles des ocdans du monde e n t i e r ,  L 'a t tenuat ion des ondes centimetriques peut s t r e  
compens6e par  l a  mesure de l a  temperature e f f e c t i v e  vue par  l 'antenne radar. 

Une th6or ie  quant i t a t ive  des images radar  de l 'oc6an f u t  d'abord proposee au debut des ann6es 50. 
Cet te  th6or ie  a 6 t6  rgcemment amklior6e grBce $ l a  m6thode des perturbat ions,  sugg6r6e a l ' o r i g i n e  par 
Rice, e t  $ l a  m6thode de Kirchoff,  que Davies f u t  l e  premier & u t i l i s e r  pour l a  so lu t ion  de ce p r o b l h e .  

On peut a t t r i b u e r  l a  p lupar t  des divergences observ6es a u t r e f o i s  en t re  l a  theor ie  e t  l 'experience 
?i l 'emploi de descr ip t ions  de l a  surface,  cho is ies  davantage parce qu 'e l l es  s e  p rg ta ien t  2 un trai tement  
math6matique que pour l e u r  exact i tude.  

Malheureusement, il n 'ex i s te  pas encore de descr ip t ions  ad6quates dk l a  surface des oceans pour l e s  
v i t e s s e s  de vent 61ev6es e t  l e s  ph6nomenes & p e t i t e  Bchelle, par t icul isrement  importants pour l e s  radars  
?i ondes centim6triques. Toutefois ,  l 'emploi,  dans l e s  deux cas  de l a  theor ie ,  d'approximations du spec- 
t r e  de surface des oceans a permis d'ameliorer,  recemrnent, l a  descr ip t ion  th6orique des images oc6aniques 
resues par  1'6cran radar .  L'auteur examine cer ta ines  de ces  nouvelles methodes e t  l a  comparaison Btablie 
en t re  ce l les -c i  e t  l e s  r 6 s u l t a t s  exp6rimentaux. 

C'est seulement au cours de ces deux dern ia res  ann6es que l ' o n  a proc6d6 & des mesures des images 
de l 'oc6an resues par  radar  dans l e  cas de vents souf f lan t  & des v i t e s s e s  superieures  a 30 noeuds environ 
( s i  l ' o n  excepte quelques mesures an te r ieures  effectu6es au voisinage du l i t t o r a l  ou & p a r t i r  de bataaux 
sous un t r 6 s  f a i b l e  angle d'incidence. Des mesures recemment effectu6es par  l e  l abora to i re  de Recherche 
de l a  Marine des Etats-Unis e t  par l a  NASA ont fourn i  des informations s u r  l a  d i f fus ion ,  pour des fr6- 
quences a l l a n t  de 0,4 GHz 2 13,3 GHz, au dessus de surfaces marines ou l e s  vents  v a r i a i e n t  de moins de 
10 noeuds ?i environ 50 noeuds. 

Pour une fr6quence de 0,h GHz, l a  forme de courbe du coef f ic ien t  de d i f fus ion  v a r i e  peu avec l a  
v i t e s s e  du vent. Les observations effectukes 2 l a  f o i s  par  l e  l abora to i re  de Recherche Naval pour 9 GHz 
e t  p a r  l a  NASA pour 13,3 GHz r6velent que l a  d i f fus ion  a q p e n t e  avec l a  v i t e s s e  du vent pour des angles 
de quelques dizaines de degr6s avec l a  v e r t i c a l e  : par  contre ,  l e s  observations relatives a l a  frequence 
de 13,3 GHz indiquent un e f f e t  de vent supdrieur $ c e l l e s  effectuees p o w  9 ( ~ i ~ z .  dien q u ' i l  s o i t  possi- 
b l e  de rendre l a  technique experimentale u t i l i s e e  en p a r t i e  responsable de c e t t e  d i f fe rence ,  c e l l e - c i  
semble S t r e  r 6 e l l e  e t  montre que l ' o n  d e v r a i t ,  pour mesurer l e s  vents de sur face ,  u t i l i s e r  des radars  ?i 
fr6quences supkrieures ir l a  bande X, 

On a propos6 un systeme de mesure des vents 2 p a r t i r  de s a t e l l i t e  ; ce systame permet t ra i t  de deter-  
miner l e s  vents sur  t o u t e  l a  surface marine du globe, b des i n t e r v a l l e s  suffisamment fr6quents  pour eta-  
b l i r  des pr6visions du temps e t  de l q 6 t a t  des mers $ l ' i n t e n t i o n  des marins, pscheurs e t  au t res  usagers 
de l'ocBan. 

Pour ob ten i r  des r 6 s u l t a t s  optimaux, il f a u d r a i t  qu'un t e l  systeme depende de mesures absolues, de 
puissance e t  u t i l i s e  des radars  capables d ' e f fec tuer  un bon balayage l a t e r a l  de l a  t r a j e c t o i r e  du s a t e l -  
l i t e  de fason $ ce que l ' o n  puisse observer une vas te  port ion dqoc6an 2 chaque passage de ce s a t e l l i t e .  

L'emploi d'un r6cepteur Doppler semblable au radiomatre de Dicke u t i l i s e  par  l e s  radio-astronomes 
permettra 2 un systeme de c e  genre de fonctionner avec une prec i s ion  s a t i s f a i s a n t e ,  m&e avec des rap- 
p o r t s  s i g n a l / b r u i t ,  approchant de l ' u n i t 6 .  Un rapport  s i g n a l l b r u i t  auss i  peu 6lev6 permettra d ' u t i l i s e r  
des 6metteurs de puissance relativement f a i b l e ,  m h e  & des fr6quences sup6rieures 2 10 GHz, 

L ' u t i l i s a t i o n  de ces  hautes frbquences implique que l e  s igna l  radar  sub i ra  une a t t6nua t ion  en t r a -  
versant d'6pais nuages ou de pluie .  De r6centes mesures effectuees 2 l ' a i d e  des radiometres 2 micro- 
ondes ont montre que l ' o n  peut u t i l i s e r  l a  temperature e f f e c t i v e  mesur6e par  l e  radiometre (en grande 
p a r t i e  d a e m i n 6 e  par l e s  rad ia t ions  6mises & p a r t i r  de l a  r6gion d ' a t t enua t ion)  pour 6 t a b l i r  11a t t6 -  
nuation dans l'aimosphare, 

L 'associat ion d 'un ' radar  e t  d 'un radiomatre s e r a i t  donc plus e f f icace  pour 6 tud ie r  l e s  vents  marins 
qu'un radar  s e d ,  

Les donn6es t a n t  th6oriques quve@rimentales obtenues su cours de ees deux dern i s res  ann6es indi-  
quent q u k n  concept tea que ce lu i  d 6 c r i t  plus  haut s e r a  eertainement l rzleble  g o ~  La mesure des vents  
s i  l P n n  peut, Ctablsa L'inisge resue par I s6csan  radar  sous d e w  angles d5ncidenace pour chaque point  s i t u 6  
aous Le s a t e l l i t e ,  Un tal syb"cmc :1e pourrai t  gas cuuvz-ir une ausui vas t s  por t ion  d"ac6an pow ehaque 
passage du s a t e l l i t e ,  e t  donrterait, pour l e s  v i t e s s e s  de vent observbes, un quadri l lage eaoins s e r r 6  qukun 
systGme f a i s a n t  appel  ti, des mesures absolues du coef f ic ien t  de d i f h s i o n ,  LFa t h e o r i e  semble indiquer que 
l a  technique des mesures absolues peut-8tre s a t i s f a i s a n t e ,  mais il f a u t  proc6der 2 un compl6ment d'exp6- 
r iences,  ( I l  se  peut que I k o  dispose des r d s d t a t s  de ces  experiences $ La W e  de l a  reunion). 
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SUMMARY 

The relat ionship between radar  return from t h e  s e a  a t  2 .25 cm wavelength a n d  the  speed  of the  wind 
dis turbing t h e  s e a  offers a n  opportunity for a sa te l l i t e  sys tem t o  provide information for a global  wave fore- 
c a s t i n g  s y s t e m .  Resul ts  of ineasurements over  s e a s  with surface winds of 1 2 . 5  kiiotc; io 4 3  knots  presented 
here ind ica te  tha t  the  radar teturn a t  ang les  of incidence in  the  25"-40" range i n c r e a s e s  rapidly with wind- 
s p e e d  up t o  about  25 knots and  l e s s  rapidly a t  higher s p e e d s .  Comparison of t h e  observat ions with compu- 
ta t ions  b a s e d  on appl icat ion of phys ica l  op t ics  t o  a new composi te  model of t h e  ocean  wave  spectrum indi- 
c a t e s  a t  l e a s t  qual i ta t ive agreement .  

The brightness  temperature measured by a microwave radiometer looking a t  t h e  s e a  i s  a l s o  proportion- 
a l  t o  wind s p e e d ,  but t h e  e f fec t  of a tmospheric  at tenuat ion is much greater on  br ightness  cal ibrat ion for t h e  
radar scat terometer  is sugges ted .  A proposed instrument u s e s  a scanning  antenna and  a common receiver 
for t h e  radar  and radiometer. 

An example of  t h e  benefi ts  t o  be  gained by  us ing  t h e  more plentiful s a t e l l i t e  observat ions of wind 
s p e e d  i s  presented for  t h e  South Atlantic. Because of t h e  sens i t iv i ty  of both t h e  radar  return and the  wave 
spectrum t o  wind direct ion,  other  information, s u c h  a s  t h a t  gained from sa te l l i t e  c loud  photographs,  must 
be used  t o  perform the  f o r e c a s t s ,  and t h e  radar  d a t a  cannot  be used  a lone .  1 -- 
INTRODUCTION 

Forecas t s  of ocean  wave  spec t ra  permit optimum routing of s h i p s  t o  a l low grea te r  speed  and prevent 
storm damage.  These f o r e c a s t s ,  and  meteorological f o r e c a s t s ,  depend on  knowledge of t h e  surface wind 
f ie ld over  t h e  o c e a n s .  The relat ionship between radar  backscat ter ing and t h e  winds permits global  wind 
monitoring from a s a t e l l i t e ,  provided proper wavelengths a r e  chosen  and cloud a t tenua t ion  is small .  Com- 
bining a microwave radiometer with the  radar  scat terometer  a l lows  u s e  of the  g rea te r  sens i t iv i ty  of t h e  radio- 
meter t o  cloud at tenuat ion for removing most of t h e  effect  of a t tenuat ion of t h e  backsca t te r  s igna l .  

Forecast ing ocean  wave  spec t ra  requires  knowledge of the  wind field over a l a rge  a rea  and long t ime.  
Waves  c a n  propagate t o  long d i s t a n c e s ,  and  t h e  effect  loca l  winds remains long a f te r  t h e  winds have c e a s e d .  
Numerical forecast ing depends  upon i terat ive solut ion of t h e  appropriate equat ions over  a period of about  a 
week prior t o  t h e  fo recas t  t ime .  Updating a t  about  6 hour intervals  permits cont inuous ex tens ion  of the  fore- 
c a s t .  A 120 km point spac ing  is used  for forecast ing,  s i n c e  a f iner  grid would require t o o  much computer 
s to rage  and  t ime.  This widely s p a c e d  grid permits u s e  of a sa te l l i t e  instrument with resolut ion of 10s o f  km, 
which makes des ign  s impler  for t h e  instrument. 

Radar observat ions of backsca t te r  from t h e  s e a  have  been made for near ly  30 y e a r s ,  but recent  meas-  
urements from aircraft f lying t o  stormy a r e a s  i n  t h e  North Atlantic have  permitted s ignif icant  improvement i n  
the  ava i lab le  information. The data  presented here  were obtained by aircraf t  of the  U .  S .  National Aeronautics 
and Space  Administration (NASA) i n  March of 1968 and 1969. We had hoped t o  present  data  from f l ights  in 
February of 1970, but data  reduction is not yet  complete .  The 1968 data  were only a t  1 3 . 3  GHz (2.25 cm) 
with ver t i ca l  polar izat ion,  a n d  t h e  1969 da ta  a r e  from t h e  same system plus a multipolarization 0 . 4  GHz 
(75 cm) s y s t e m .  The experimental resu l t s  a t  1 3 . 3  GHz a r e  compared with theore t ica l  computations based  on 
a new composi te  wave spectrum. 

A scanning  radar-radiometer is proposed a s  a n  operat ional  sys tem for s p a c e .  The radar  wil l  operate  
in  a n  ICW mode, permitting u s e  of low signal-to-noise rat io  and radiometer-like cal ibrat ion.  Although both 
sys tems  may u s e  the  same rece iver ,  t h e  radar  bandwidth is smaller ,  a s  optimum S/N occurs  when radar  
bandwidth is equa l  Doppler bandwidth of the  s igna l .  

A sample  integration of s a t e l l i t e  da ta  into a forecast  is presented t o  i l lus t ra te  t h e  major advantages  
of t h e  s a t e l l i t e  sys tem.  

RADAR BACKSCATTER OBSERVATIONS 

Most  previous measurements of radar  backsca t te r  were (1) near  grazing inc idence ,  or (2) near c o a s t -  
l i n e s ,  o r  (3) without adequa te  information on  the  o c e a n  condit ions.  Apparently the  NASA measurements and 
U .  S .  Naval Research Laboratory (NRL) measurements within tfie l a s t  two years  a r e  t h e  f i rs t  t o  overcome t h e s e  
res t r i c t ions .  The NRL measurements a r e  reported e l sewhere .  Here we  report primarily on t h e  NASA measure- 
ments .  

Various o b  e w e r s  have  indicated some sort  of "saturat ion" in  t h e  increase  of radar  return with wind- ?! s p e e d ,  and Wright h a s  predicted th i s  saturat ion on  t h e  b a s i s  of a perturbation theory for radar sca t te r  and  
t h e  Phi l l ips  expression for t h e  "high-frequency ta i l "  of t h e  ocean  wave spectrum. Apparently t h e  val idi ty  
of Wright 's  approach depends  on t h e  wavelength of the  radar ,  for t h e  measurements reported here show no 
saturat ion for 2 . 2 5  cm radar  up t o  about  50 knots windspeed ,  whereas saturat ion d o e s  occur  In our 75  om 
measurements .  NPL's 3 . 3  cm measurements shew much smaller  var iat ion with windspeed than found a t  2 . 2 5  
cm. 

THE RADAR SCATTEROMETER 

The radar  scat terometer  used  for t h e  measurements reported here h a s  a fan beam directed along t h e  
flight path of t h e  a i rc ra f t ,  a s  shown i n  Sl ide 1 .  Returns from different a n g l e s  within t h i s  beam a r e  separa ted  
by filtering t h e  appropriate Doppler f requencies .  Isodops for horizontal flight y e  hyperbolas  a s  shown on 
the  s l i d e ,  s o  a filter of width A fd c a n  separa te  a l l  returns between 81 and 82. 

Slide 2 shows a block diagram of t h e  s imple CW-Doppler radar  sys tem u s e d .  A klystron t ransmit ter  
a l s o  provides a loca l  osc i l l a to r  s i g n a l ,  s o  t h e  receiver  is a homodyne. The Doppler f requencies  received 
a r e  amplified i n  a n  a u d i o  amplif ier ,  and t h e  resu l t s  recorded on magnetic t a p e .  On t h e  ground t h e  tape may 
be spectrum-analyzed e i ther  i n  analog or d ig i ta l  fash ion .  Two channe ls  a r e  used  i n  quadrature t o  provide 
t h e  phase  information required t o  separate  posi t ive and negat ive Doppler f requenc ies .  A cal ibrat ion s igna l  



was inserted with a ferrite modulator driven by a n  audio frequency outside the Doppler frequency band. 
Since the output of th is  calibrator i s  proportional to the transmitted s ignal ,  and since it pa s se s  through the  
same receiver/recorcier channel a s  the rccelvcd signal ,  i t  can  provide an  accurate calibration. gJnfo;?unatc?y, 
the ferrite modulator i s  somewhat temperature sensi t ive and subject t o  remanent-magnetism errors, so  a n  
uncertainty of about *3 dB occurs in the absolute level  of the signal .  A calibrate source using P I N  diodes 
and modulation at  a different leve l  was used in the 1970 f l ights ,  s o  the absolute calibration should be 
better for these  data when they become available.  

13 .3  GBz SACTTEROMETER DATA 

Because of the potential errors in absolute leve l ,  the  data were normalized by presenting the rat io of 
differential scattering coefficient a t  any incident angle t o  that  a t  10" .  Slide 3 shows a representative group 
of observations normalized in th is  fashion. Clearly the 49 knot upwind return i s  much higher than the  cross-  
wind return for the same wind speed,  a s  would be expected.  Comparable results  were a l s o  found a t  lower 
wind speeds down to the 12.5 knot leve l ,  where l i t t le  difference can  be seen .  

Slide 4 shows a more extensive s e t  of observations for the  upwind condition. The increase in normal- 
ized radar return with windspeed i s  evident ,  although some other effect must a l s o  be present t o  cause  t he  
difference between the  12 .5  and 13 knot curves.  Repeatability between the two years was  amazingly good 
in the 20-30 knot range, where most data were available.  Other curves are not shown here because  they 
are  so  like the ones shown and would make the graph hard t o  interpret. 

Recently a n  error was found in the antenna pattern used in the data reduction, s o  some changes in  
shape of the curves will result  when the  reprocessed data a r e  available.  Nevertheless,  the separation be- 
tween curves for different wind speeds  will remain exactly t he  same.  For data presented in th is  way the 
only change that  would affect the  relative postions of the curves would be a drift in the  amplitude-vs-frequency 
characteristic of the audio amplifier, and th is  i s  certainly a very s tab le  characteristic--as shown by the  re- 
markable agreement between data taken a year apart .  

For windspeed measurement, the observations should be plotted v s  windspeed a t  a fixed angle.  Slide 
5 shows th i s .  Although the variation a t  15" i s  not s ignif icant ,  variation with windspeed a t  both 25" a d 5 "  
i s  quite strong. For t he  upwind c a s e ,  the scattering a t  35" varies a s  v 2 . 8 5  below 25.5 knots a s  a s  v 4'. 12 
above 25.5 knots (v i s  windspeed). For the cross wind c a s e ,  the scattering a t  35" varies only linearly with 
v above 25.5 knots.  With measurements of sufficient accuracy,  t h i s  should permit windspeed determination 
over th is  range of speeds ,  provided the direction i s  known from other information. 

0.4 GHz SCATTEROMETER DATA 

The 0 .4  GHz scatterometer a l s o  u ses  the fan-beam Doppler technique,  but u se s  a superheterodyne 
rather than a homodyne receiver. Absolute accuracy should be better with th is  system than a t  13 .3  GHz. 
Slide 6 shows the vertically polarized observations with th is  sys tem,  compared with similar observation by 
NRL. A l l  wind speeds give nearly the  same resul t s ,  although both the NASA and the NRL data show a slight 
tendency for t he  signal  t o  be lower a t  49 knots than a t  12 knots.  Slide 7 shows the horizontally polarized 
observations, and the same conclusions can  be drawn. Because of th is  lack of sensi t ivi ty t o  wind speed,  
th is  frequency i s  not l ikely t o  be useful for wing measurement. 

THEORY AND EXPERIMENT 

Various theories have been used to  describe the radar backscatter  from the ocean.  Geometric op t i c s ,  
of facet  theories have been used in the pas t .  wright2,  ~ u n ~ ~ ,  and a group of Russian authors5 have used  
perturbation techniques.  Others have used physical opt ics ,  based on the  Kirchhoff approximation that the  
field on the  surface i s  the  same a s  i t  would be for a n  infinite plane tangent t o  the surface a t  that  point. Per- 
turbation techniques a lone  give amazingly good results  when considered in light of t he  breakdown of the ap- 
proximation involved for any surface-height variation of the order of X/2II, but we do not believe the first- 
order perturbation can possibly give a true description of sca t te r  from the open ocean.  On the other hand, 
the fact  that  th is  method works a t  a l l  indicates that  the phenomenon causing return from the ocean must be  
strongly influenced by the  very smallest  waves ,  and that Bragg sca t te r  from these  small waves is significant. 

The key point in any theory i s  the surface description used .  The theoretical results  presented here 
are  based on application of physical optics t o  a new wave-spectrum model. The elements of th is  model a r e  
given in  Slide 8 .  Region 1 i s  the now-standard Pierson-Moskowitz model, which gives a good description 
of large-scale structure on the fully-developed s e a .  In the  high frequency limit this  model, l ike that  due 
to  Phillips, i s  assymptotic t o  k-3. Region 2 i s  associa ted  with dynamic equilibrium between wind and waves .  
In th is  region the  spectrum i s  proportional t o  wind speed v and to  k-2.  5 .  The transition between Regions 1 
and 2 i s  a t  a frequency (or k) that must be determined somewhat arbitrarily on the bas is  of experiment; the  
appropriate parameter i s  T. Region 3 involves capillary (surface tension) waves ,  which are much smaller 
than the gravity waves of Region 1 .  In th is  region, however, the shape of the spectrum i s  the same a s  tha t  
for the high-frequency gravity waves ,  but the amplitude i s  about 8 times a s  great .  The 4th region i s  the 
viscosi ty range,  and i s  unimportant to th is  discussion.  

Apparently the significant s i ze  of structures on the ocean for a radar of 2 . 2 5  cm wavelength are t hose  
associated with Regions 2 and 3 ,  depending somewhat on the wind speed.  Certainly these  s i ze s  a re  the  same 
order of magnitude a s  those required for Bragg scattering of such radar frequencies. Chia6 originally applied 
the Pierson-.Moskowitz spectrulir and physical optics t o  the long-crested case ;  he obtained results  (assuming 
unit reflection coefficient) much like those shown in Slide 9 .  With th is  spectrum there i s  l i t t le  effect of wind 
speed on the backscattering. Chia a l so  applied a spectrum like that  of Region 2 and showed considerable 
variation with windspeed, but his  curves were the wrong shape .  Now we have applied the entire spectrum 
of Regions 1, 2 ,  and 3 ,  obtaining the results  shown in Slide 10. Although th is  was a crude attempt (unity re- 
flection coefficient and long-crested waves) ,  it clearly i s  in general accord with the experimental observa- 
tions previously shown. 

The comparison between th is  theory and experiment i s  illustrated in Slide 11. Because of uncertainties 
in absolute l eve l s ,  the  data have been normalized s o  that a l l  points coincide for 25 knots.  With th is  approach, 
the crude theory seems t o  fit the crosswind data quite well .  The increase with windspeed for the  upwind data 
i s  more rapid than the theory indicates.  Since y was selected somewhat arbitrarily for th is  s e t  of theoretical 
curves,  the agreement i s  surprisingly good. Work i s  now in progress t o  extend the calculations for short- 
crested waves and for t he  reflection coefficients appropriate t o  the c a s e s  of vertical and horizontal polariza- 
t ion.  



THE MICROWAVE RADIOMETER 

Several  invest igators  have recent ly shown that  a microwave radiometer, although highly s e n s i t i v e  t o  
cloud attenudtiori,  i s  a i s o  se1-isitive t o  winds a t  s e a .  This resul t  i s  not surpris ing,  s ince  the microwave 
radiometer ob ta ins  much of i t s  s igna l  by s c a t t e r  from the surface of t h e  o c e a n .  Fung and Ulaby7 have  recent ly 
developed a theory t h s t  explains  the observat ions near  ver t i ca l  incidence much bet ter  than the ea r l i e r  theory 
of s togryn8.  The principal  difference between the  theories  is that  Stogryn used  a G a u s s i a n  autocorrelat ion 
function of sur face  heights  in t h e  physical  op t ics  computation of s c a t t e r ,  whereas Fung and Ulaby u s e d  a n  
exponential .  Sl ide 1 2  shows the  comparison of t h e  two theor ies  with some observat ions by Nordberg of 
NASUGoddard Space  Flight Cente r .  

Because of t h e  sens i t iv i ty  of t h e  radiometer t o  t h e  atmosphere,  t h e  system proposed here u s e s  i t  t o  
cal ibrate  t h e  sca t te rometer ,  e v e n  though it could be  used  for windspeed measurement i n  i t s  own right if t h e  
atmosphere were  a b s e n t .  A relat ively smal l  increase  in at tenuat ion c a u s e s  a qui te  large increase  i n  radio- 
meter br ightness  temperature. Wilson (Slide 13) h a s  shown how th i s  c a n  be used  t o  ca lcu la te  t h e  atmospheric  
at tenuat ion c a u s i n g  t h e  increase  in  b r igh tness ,  using a n  upward-looking radiometer. For a t t enua t ions  below 
about 8 dB, t h i s  method appears  qui te  a t t rac t ive .  

SPACECRAFT SYSTEM 

A spacecra f t  wind-measuring system should cover  a s  much o c e a n  surface a s  poss ib le  i n  e a c h  orbit;  
accordingly a side-to-side s c a n  seems  appropriate. Because of t h e  uncertaint ies  i n  t h e  abso lu te  cal ibrat ion 
of t h e  NASA d a t a  a sys tem tha t  u s e s  only one angle is s t i l l  con jec tura l ,  but a system t h a t  measures  t h e  
scat ter ing c ross -sec t ion  a t  two angles  s e e m s  guaranteed of s u c c e s s .  

Slide 14 shows  a sys tem permitting measurements a t  two a n g l e s .  The spacecraf t  rad ia tes  a t  1 0 "  and  
35" incident  a n g l e s ,  us ing  e i ther  a fan beam or two penci l  beams .  The t ime of t ravel  between t h e  two po- 
s i t ions  shown for t h e  spacecra f t  is only a few minutes or l e s s ,  s o  t h e  ocean  condit ions remain s t a t i s t i c a l l y  
t h e  same.  Hence t h e  spacecraf t  measures  t h e  s c a t t e r  a t  1 0 "  i n  i t s  second  posi t ion for  t h e  same o c e a n  a r e a  
from which t h e  3 5 "  measurement w a s  made a t  i t s  f i rs t  posi t ion.  By correlating t h e s e  measurements ,  t h e  
wind speed  at t h e  sur face  may b e  determined,  but only a long  t h e  sub-sa te l l i t e  t rack .  

If further measurements  s h o w ,  a s  we  e x p e c t ,  tha t  d a t a  a re  required from only a s ingle  ang le  t o  es- 
tab l i sh  t h e  wind s p e e d ,  a s c a n  l ike tha t  i n  Slide 15 c a n  be  u s e d .  In t h i s  s c a n ,  t h e  antenna u s e s  a penci l  
beam tha t  moves from side-to-side of t h e  spacecra f t  in  a plane t i l t ed  somewhat ahead  of the  nadir .  With 
t h i s  method t h e  ang le  of incidence can  be  kept  within t h e  region of maximum variabi l i ty  with s e a  s t a t e .  A 
s c a n  for a 1000 km orbit c a n  readi ly be 1200 km long,  t h u s  providing 11 points  a t  120 km in te rva l s  for t h e  
forecast ing computer. 

Slide 16 shows  a sample s e t  of incident  a n g l e s  for 1000 km height of the  s a t e l l i t e .  Ordinarily t h e  
s c a n  would be kept  within about  600 km of the  ground track;  s o  t h a t ,  for  a 25"  t i l t  of t h e  a n t e n n a ,  t h e  in- 
c ident  ang le  remains within t h e  30-40 " range.  

RADIO-RADIOMETER SYSTEM 

The radar  scat terometer  us ing  a narrow beam antenna l ike tha t  shown in Slide 1 5  c a n  b e  operated in  
a nearly-CW mode. Because of t h e  diff icul ty with i so la t ion ,  t h e  s igna l  i s  t ransmit ted only unt i l  t h e  f i rs t  
return s igna l  a p p e a r s ,  a n d  then  i s  turned off during the  receiving period. This  near-CW operat ion permits 
u s e  of a narrow-band rece iver ,  s i n c e  t h e  harmonics of t h e  long-pulse fundamental rate  a r e  insignif icant  
compared with t h e  Doppler frequency spread .  Thus ,  t h e  band width of t h e  receiver  is determined by t h e  
Doppler spread ,  which is of t h e  order of kiloHertz for p rac t ica l  c a s e s .  

Sl ide 17 i l lus t ra tes  how t h e  post-detect ion s ignal- to-noise rat io  c a n  be  made high with low predetec-  
tion S I N  by operat ing t h e  scat terometer  much l ike  a radiometer/radio-telescope r e ~ e i v e r . ~  Integrat ing a large 
enough number of independent  samples of s igna l  + noise  a n d  a like (or greater) number of n o i s e  samples  re- 
d u c e s  the  var iance  of e a c h  s o  tha t  very small  differences c a n  be  measured rel iably.  The equa t ion  on t h e  
s l ide  shows t h e  s ignal- to-noise rat io  improvement poss ib le  with t h i s  sys tem.  The number of independent  
samples r i s  approximately twice  t h e  time-bandwidth product of t h e  rece iver .  With t h i s  method signal-to- 
no ise  ratio of unity or l e s s  a t  t h e  input may be used  success fu l ly  in  a s p a c e  sys tem,  and  the resu l t  i s  a 
peak power requirement of the  order ot 10-50 w a t t s ,  with average power of 2-10 w a t t s .  

The radar  and  radiometer sys tems  may share time or may operate  a t  s l ight ly different f requenc ies  
within t h e  capabi l i t i es  of the  antenna a n d  pre-amplifiers.  A simplified version of the  block diagram of s u c h  
a system i s  shown i n  Slide 1 8 .  An ac tua l  sys tem would probably u s e  more swi tches  t o  provide t h e  ca l ib ra -  
t ion  s igna l  for t h e  radiometer ,  and would contain a provision t o  p a s s  a n  at tenuated version of t h e  t ransmit ter  
output through t h e  receiver  t o  cal ibrate  t h e  scat terometer .  The Dicke switch in  the  radiometer a l t e rna te ly  
connec ts  t h e  radiometer receiver  t o  the  hot load (at accura te ly  known temperature) a n d  the  a n t e n n a ,  with 
cal ibrat ion by  switching t o  a cold load a t  l e s s  frequent in te rva l s .  The scat terometer  needs  no s u c h  s w i t c h ,  
s i n c e  i t s  no ise  cal ibrat ion i s  provided by simply recording t h e  output during a time when no s c a t t e r e d  s i g n a l  
i s  present .  The no ise  for the scat terometer  i s  t h e  s igna l  + noise for t h e  radiometer. 

APPLICATION TO FORECASTING 

The output of a s ide- to-side scanning  system l ike tha t  proposed will  average about  2 , 5 0 0  pairs  of a" 
and Tb per o rb i t ,  if only data  over  ocean a re  counted.  Forecas t s  a r e  normally made on  a 6-hour repet i t ion 
period,  and present  da ta  used  for t h e  purpose c o n s i s t  of s h i p  reports radioed into meteorological cen te rs  a t  
e i ther  6 or 1 2  hour intervals  and clotid information from weather  s a t e l l i t e s .  Enough sh ip  reports  t o  permit 
adequate f o r e c a s t s  a r e  present  only in heavy shipping l a n e s  such  a s  those  from North America t o  Europe. 
Even in t h e s e  a r e a s  t h e  fo recas t s  often fai l  because  insuff icient  information i s  avai lable  on s torms moving 
in from regions having l i t t le  shipping.  Hence ,  t h i s  input of over 30 ,000  da ta  points per day c a n  have a 
major impact on forecast ing wea ther  and w a v e s .  l o  

Since  the  da ta  must be combined with wind direction information t o  provide accura te  reports of sur-  
f a c e  wind s p e e d s ,  t h e  operat ional  system wil l  need a combination of updating pas t  weather  reports  and  fore- 
c a s t s  on a n  i terat ive b a s i s  with u s e  of t h e  ava i lab le  sh ip  reports  and  of cloud photographs from s a t e l l i t e s .  

Another problem that  must be overcome i s  t h e  use  of non-synoptic d a t a .  Forecast ing presen t ly  i s  
based  on measurements  made by a l l  sh ips  and coas ta l  s t a t i o n s  a t  t h e  same t ime .  The s a t e l l i t e ,  on t h e  other 
hand,  provides coverage i n  a cbntinuous s t r i p .  The NIMBUS sa te l l i t e  a lways  co l lec t s  data  a t  local noon or  
or midnight.  

Computer programs t o  so lve  both t h e  non-synopticity problem and the  wind direct ion problem are  pres- 
en t ly  being developed a t  New York University. 



An example of the kind of ana lys i s  tha t  might resul t  from u s e  of s u c h  a sys tem i s  i l lustrated with 
Slide 19 and Sl ide 2 0 .  In Slide 19 a portion of a n  a c t u a l  surface a n a l y s i s  for the  South Atlantic a rea  i s  shown.  
The d o t s  indicate  locat ions of reporting sh ips  and shore weather  s t a t i o n s ,  and  t h e  remainder of the  a n a l y s i s  
i s  based  on combining t h e s e  data  with s a t e l l i t e  c loud photographs. Note t h e  high in the  upper left a n d  t h e  
two lows .  Slide 2 0  shows a hypothetical s e t  of observat ions from a s a t e l l i t e  p a s s  a c r o s s  t h i s  region,  with 
the  resu l t ing  modificstion t o  the pressure pa t te rns  shown.  These changes  in  s i z e  and  intensi ty  of t h e  main 
features  of the  pat tern are  qui te  reasonable t o  expec t  with the  improved da ta  coverage t o  be obtained us ing  
the  s a t e l l i t e .  

CONCLUSIONS 

The u s e  of a combined radiometer-scatterometer in a sa te l l i t e  t o  provide surface wind information on 
a global  s c a l e  over  t h e  oceans  h a s  been shown f e a s i b l e ,  b a s e d  on observat ions of radar  s e a  return a t  2 .25 cm 
and of t h e  s u c c e s s  of u s e  of radiometers t o  es t imate  at tenuat ion through c louds .  Reasonably good agreement  
h a s  been  shown between backsca t te r  observat ions a t  s e a  and predict ions of a simplified theory based  on  a 
long-crested (one-dimensional) 4-part wave spectrum applied t o  a perfectly-reflecting phys ica l  op t ics  for- 
mulation of t h e  radar  s c a t t e r  problem. 

Additional measurements a r e  under w a y  with a Doppler radar  scat terometer  operated by NASA Manned 
Spacecraft C e n t e r ,  and  observat ions of frequency dependence of t h e  o c e a n  backsca t te r  a r e  planned with a 
radar-radiometer t o  be used  by NASA/Langley Research Cente r .  A radar-radiometer wil l  probably be  t e s t e d  
i n  s p a c e  i n  1972 o n  t h e  Skylab t o  be  flown by NASA. 

This work w a s  supported by the  U .S.  Naval  Oceanographic Office under contract  
N62306-67-C-0044 and  by NASA/MSC under contract  NAS9-10261 with The Universi ty  of Kansas a n d  b y  t h e  
U .  S .  Naval  Oceanographic Office under contract  N62306-70-A-0075 with New York University. 
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Fig .  1 Operation of a fan-beam CW-Doppler sca t terometer  
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Fig .2  1 3 , 3  GHz radar  sca t terometer  block diagram 
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Fig .3  Comparison of crosswind and upwind normalized s c a t t e r i n g  
c o e f f i c i e n t s  a t  2 . 2 5  cm wavelength, (March 1969 d a t a )  
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Fig.  4 D i f f e r e n t i a l  s c a t t e r i n g  c o e f f i c i e n t  of ocean a t  
2 .25  cm wavelength normalized t o  Odb a t  10' 

WIND SPEED VS. NORMALIZED crO 

Fig .5  Normalized radar  s c a t t e r i n g  coe f f i c i en t  vs .  wind speed 
and d i r e c t i o n  a t  13.3 GHz. (2 .25  cm wavelength) 
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Fig.6  Ver t i ca l ly -po la r i zed  400 MHz radar  back-scat ter  from t h e  ocean 
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Fig .7  Hor izonta l ly-polar ized  400 MHz radar  back-scat ter  from t h e  ocean 



REGION 1 - SMALL K - PIEWSQM-MQSKOWETZ - FOW ASYMP- 

REGION 2 - I N T E N I E D I A T E  K - DYNAMIC E Q U I L I B R I U M  
RANGE ASYMPTOTIC TO BV I/\ -2.5 

y g  T R A N S I T I O N  REGION 2 - REGION 2 A T  a=- v 
V = WIND VELOCITY 

g = GRAVI  TAT1  ONAL ACCELERATION 

Y =  PARAMETER TO B E  SELECTED 

REGION 3 - CAPILLARY WAVES SPECTRUM ~ A K ' ~  

REGION 4 - V I S C O S I T Y  RANGE (M ILL IMETER WAVELENGTHS) 

Fig. 8 Composite wave spectrum 
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Fig.9 Angle of incidence 8 i n  degrees 
D i f f e r e n t i a l  s c a t t e r i n g  c o e f f i c i e n t  from 
physica l  o p t i c s  (Kirchhoff approximation) 
Pierson-Moskowitz spectrum (asymptotic t o  

P h i l l i p s  theory)  ( long c re s t ed  waves) 

Fig.  10 Angle of incidence 6' i n  degrees 
D i f f e r e n t i a l  s c a t t e r i n g  c o e f f i c i e n t  from 
physical  o p t i c s  (Kirchhof f approximat ion) 
composite spectrum (long c re s t ed  waves) 



Fig.  11 Comparison of composite-spectrum 
theo ry  wi th  NASA experimental  data.  
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Fig.12 Measured and ca l cu l a t ed  ho r i zon ta l ly  
polar ized  apparent temperature of t h e  

ocean a t  19 .4  GHz. (From Fung and 
Ulaby, 1970) 

Fig.13 Comparison of measured a t t enua t ion  with values  ca l cu l a t ed  from 

upward-looking microwave radiometer (16 GHz) (from Wilson, 1969) 



Fig.14 S a t e l l i t e  mounted sca t terometer  f o r  
s ea - s t a t e  measurements 

Fig.15 Scan f o r  an ope ra t iona l  radiorneter- 
sca t terometer  f o r  s ea - s t a t e  measurement 
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Fig.  16 Incident angle a t  t h e  e a r t h  f o r  a wave from a 
scanning antenna on a 1000 km a l t i t u d e  s a t e l l i t e  
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F ig .17 S/N enhancement scheme f o r  noise- l ike  s i g n a l s  
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Fig. 18 Elements of a radiometer-scatterometer 

Fig.  19 Fort  ion of t he  na t iona l  meteorological  
cen te r  southern hemisphere su r f ace  ana lys i s  f o r  

January 18, 1968. The do t s  represent  po in t s  
where su r f ace  r e p o r t s  were ava i l ab l e  fo r  t h e  

ana lys i s .  The ana lys i s  i s  based on these  
su r f ace  po in t s ,  t he  southern heinisghere 
cloud mosaic p a t t e r n s  prepared by ESSA, 

and con t inu i ty  considera t  ions 

Fig.20 Hj~pothet ica l  d a t a  t h a t  might be 
obtained from one por t ion  of one pass of 
a NIEABUS spacecraf t  with a sca t terometer  

and dual antenna system. The numbers 
represent  t h e  wind speed i n  knots  on 

a g r i d  t h a t  approximates t h e  a c t u a l  
coverage 




